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ABSTRACT: Atomic layer deposition (ALD) enables the
deposition of numerous materials in thin film form, yet there
are no ALD processes for metal iodides. Herein, we demonstrate
an ALD process for PbI2, a metal iodide with a two-dimensional
(2D) structure that has applications in areas such as photo-
detection and photovoltaics. This process uses lead silylamide
Pb(btsa)2 and SnI4 as precursors and works at temperatures
below 90 °C, on a variety of starting surfaces and substrates such
as polymers, metals, metal sulfides, and oxides. The starting
surface defines the crystalline texture and morphology of the
PbI2 films. Rough substrates yield porous PbI2 films with
randomly oriented 2D layers, whereas smooth substrates yield
dense films with 2D layers parallel to the substrate surface.
Exposure to light increases conductivity of the ALD PbI2 films which enables their use in photodetectors. The films can be
converted into a CH3NH3PbI3 halide perovskite, an important solar cell absorber material. For various applications, ALD offers
advantages such as ability to uniformly coat large areas and simple means to control film thickness. We anticipate that the
chemistry exploited in the PbI2 ALD process is also applicable for ALD of other metal halides.
■ INTRODUCTION
Atomic layer deposition (ALD) is a technique known for its
ability to deliver uniform and conformal thin films with precise
thickness control. The library of ALD processes is vast and
enables the deposition of many materials such as oxides,
metals, pnictides, and chalcogenides in thin film form.1 Yet,
quite few studies have been devoted to the ALD of metal
halides. Several metal fluoride ALD processes exist2,3 as well as
a process for copper(I) chloride nanoparticles4 and attempts
have been made to develop a process for copper(I) bromide.5,6
However, to the best of our knowledge no ALD processes exist
for any metal iodide. One of the aims of this work is to
supplement the selection of ALD materials with metal iodides,
in this case with lead iodide.
The interest in ALD of lead iodide has also practical
motivation. Lead iodide is a semiconductor with a two-
dimensional (2D) layered structure,7 band gap in the visible
range (2.30 eV),8 and high molar mass. Due to these
properties lead iodide has found applications in lasing9 as
well as photo-10,11 and radiation detection.12 Recently, lead
iodide has received a lot of attention due to its ability to react
with amine iodides, such as methyl ammonium iodide
(CH3NH3I, MAI). These reactions yield halide perovskites
such as CH3NH3PbI3 (MAPI), materials with remarkable
optoelectronic properties that are utilized in high efficiency
perovskite solar cells (PSCs).13 ALD has been exploited in
PSCs through the deposition of metal oxides that act as charge
carrier blocking, junction forming, or encapsulation layers.14
However, ALD is still underexplored in the context of halide
perovskites given the lack of ALD processes for metal iodides
and halide perovskites.
ALD is compatible with roll-to-roll manufacturing,15,16
capable of coating high aspect ratio (HAR) structures,17 and
enables straightforward composition control in multicompo-
nent films.18 These features are valuable for halide perovskite
devices. Roll-to-roll manufacturing is promising for flexible
halide perovskite photovoltaics19 and light emitting diodes,20
whereas capability to coat HAR structures can be beneficial for
preparing halide perovskite films for transistors.21 Finally,
composition control is crucial in all halide perovskite
applications because it allows tuning of the electronic and
optical properties of the perovskites.22
The ALD of multicomponent compounds in most cases
relies on a super cycle approach, where binary compound
process cycles are performed alternately and their ratio is
adjusted to obtain the desired composition. Therefore, we
anticipate that the first step in developing an ALD process for a
halide perovskite, such as MAPI, is the development of
processes for the corresponding binary compounds, MAI and
PbI2. The starting point in our investigation of PbI2 ALD was
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the chemistry first introduced by Pilvi et al. for the ALD of
metal fluorides. This chemistry utilizes metal 2,2,6,6-
tetramethyl-3,5-heptanedionates (thds) as metal precursors
and titanium(IV)2 or tantalum(V) fluoride23 as fluorine
precursors. Although analogous precursors (Pb(thd)2 and
TiI4) failed to deposit PbI2 films (see Supporting Information
(SI) Section 1), the results were promising enough to keep
iterating upon similar chemistry. In this work, we report an
ALD process for PbI2 that utilizes lead(II) bis[bis-
(trimethylsilyl)amide] (Pb(btsa)2) as a lead precursor and
tin(IV) iodide (SnI4) as an iodine precursor.
■ RESULTS AND DISCUSSION
Film Deposition. The two main substrates employed in
this study were native oxide-terminated silicon (Si) and
fluorine-doped tin(IV) oxide (FTO) covered glass. On these
substrates we explored PbI2 film deposition with Pb(btsa)2 and
SnI4 in the 70−155 °C temperature range. The lowest
deposition temperature was limited by the precursor source
temperatures, whereas at the deposition temperature of 155 °C
we observed decomposition of Pb(btsa)2 in the hot end of the
precursor source tube. In the examined temperature range,
PbI2 deposition occurred only at temperatures below 90 °C
(Figure 1a). At 70−75 °C, the films were visually reflective and
continuous (Figure S2), whereas at 80 °C and above the films
became increasingly matt. We attribute this behavior to the
roughening of the film with the increasing deposition
temperature. The roughening is caused by an increase of the
grain size as well as the development of voids within the film
(Figure S3). The growth per cycle (GPC) values on Si and
FTO are significantly different due to differences in
morphology and other factors that will be discussed later.
For a detailed study on the influence of the process parameters
the deposition temperature of 75 °C was chosen.
Saturation experiments at 75 °C (Figure 1c,d) indicate that
the GPC saturates with respect to both precursor pulse
durations. With optimized precursor pulses, film thickness
increases linearly with the increasing number of deposition
cycles (Figure 1b), whereas varying purge durations has little
effect on GPC, except for the shortest purge times (0.2 s) on
FTO (Figure S4). These observations are consistent with the
behavior typically observed in ALD processes. However, unlike
many other ALD processes this one operates in a very narrow
temperature range and at low temperatures. For these low
deposition temperatures, precursor pulse and purge durations
required to achieve saturation are surprisingly short. This, in
turn, suggests fast and aggressive reactions.
Several factors can cause termination of film deposition at 90
°C and above. The bis(trimethylsilyl)amide (BTSA) ligand in
the lead precursor is the deprotonated form of bis-
(trimethylsilyl)amine, more commonly denoted as hexame-
thyldisilazane (HMDS). The HMDS is a known surface
passivating agent24 that reacts with surface hydroxyl groups
(−OH) forming inert trimethylsilyl (−Si(CH3)3) groups. This
reaction can hinder film deposition in ALD.25 Neither water
nor hydroxyl groups (except for the initial substrate surface)
are present in the PbI2 ALD process we report here.
Additionally, we observed no deposition of PbI2 at higher
temperatures with another lead precursor that lacks the BTSA
ligands (see SI Section 1). Therefore, we assume that the role
of HMDS in the growth termination of this process is
insignificant.
Another cause for the termination of growth could originate
from the 2D structure of PbI2. The basal surfaces of the 2D
layers lack dangling bonds, therefore chemisorption on the
basal surfaces is unanticipated. However, ALD can still occur
on the basal planes of 2D materials. For example, Liu et al.26
and Park et al.27 demonstrated Al2O3 deposition on the basal
planes of 2D materials such as boron nitride and several
Figure 1. (a) Growth per cycle (GPC) as a function of deposition temperature, depositions were done with 2000 cycles, pulse duration was 1.0 s
for Pb(btsa)2 and 2.0 s for SnI4, purge durations were 1.0 s. (b) Film thickness as a function of cycle count at 75 °C, Pb(btsa)2 pulse duration and
purge durations were 1.0 s on Si and FTO, whereas SnI4 pulse duration was 2.0 s on Si and 2.5 s on FTO. (c) GPC with respect to Pb(btsa)2 pulse
duration at 75 °C, SnI4 pulse fixed at 2.0 s and cycle count at 2000 on Si, whereas on FTO at 2.5 s and 1000, respectively. (d) GPC with respect to
SnI4 pulse duration at 75 °C, Pb(btsa)2 pulse duration fixed at 1.0 s, cycle count fixed at 2000 and 1000 for Si and FTO, respectively. In (c) and (d)
both purge times were fixed at 1.0 s.
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transition metal dichalcogenides. In these cases, relatively
strong van der Waals (vdW) forces between the basal plane
surface and the precursor prevent the desorption of the
precursor during the subsequent purge and enable the
deposition. The magnitude of the vdW forces increases with
the increasing polarizability of the species involved, that is,
with the increasing size and atomic number. The large size and
high atomic number of lead and iodine in PbI2 suggest that it is
substantially polarizable. Additionally, due to the low
dissociation energies of Pb−I bonds, PbI2 is relatively volatile
and was in fact used as a precursor in PbS ALD previously.28
Given the high temperature dependence of the vdW
adsorption and volatility of PbI2, we hypothesize that these
factors play a key role in growth termination at higher
temperatures.
Film Properties. Examination of the ALD PbI2 films with
field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) revealed two distinct
morphologies on the two different substrates used. On Si the
PbI2 films are dense and the flaky grains are planar (Figure 2a−
c), whereas on FTO the films are porous, and the flakes are at
different angles to the substrate (Figure 2d−f). Regardless of
the thickness, the films are porous on FTO and planar on Si
(Figures S5 and S6).
The porosity of the films on FTO provides further insight
into the behavior of GPC exhibited in the deposition
experiments. The porosity of the film provides a larger surface
area for deposition and explains the higher GPC on FTO
compared to Si. The larger surface area can also require longer
precursor pulses to saturate and longer purge times to remove
excess precursor molecules. This explains why GPC on FTO
saturates with longer SnI4 pulses compared to Si (Figure 1d)
and why there is an increase in GPC on FTO with the shortest
purge times (Figure S4).
In all our deposition experiments the PbI2 films were
polycrystalline as deposited and θ−2θ X-ray diffraction (XRD)
measurements revealed crystalline textures that correspond to
the observed morphologies. We observed reflections from
various (hkl) planes on FTO and only (00l) reflections on Si
(Figure 3). On FTO the 2D planes of PbI2, that is the (001)
planes, are at different angles to the substrate plane, whereas
on Si the 2D planes are parallel to the substrate plane. Even
though complicated by electron beam induced degradation of
PbI2,
30 TEM analysis corroborates parallel orientation of the
(001) planes on Si (Figure 2c), with the interlayer spacing
Figure 2. (a) FESEM image of a PbI2 film deposited at 75 °C on Si with 2000 cycles. Pb(btsa)2 pulse, SnI4 pulse, and purge durations were 1.0, 2.0,
and 1.0 s, respectively. TEM cross-sectional image at (b) lower and (c) higher magnification of a PbI2 film deposited with the same conditions as in
(a) and capped with ALD Al2O3. (d)−(f) are similar to (a)−(c) but with FTO as a substrate.
Figure 3. θ−2θ XRD patterns of PbI2 films on Si (top) and FTO
(bottom). Films were deposited at 75 °C with 2000 cycles. Pb(btsa)2
pulse, SnI4 pulse, and purge durations were 1.0, 2.0, and 1.0 s
respectively. The angles of the PbI2 2D layers with respect to the
substrate plane corresponding to different reflections are shown on
the right, lead is black and iodine orange.29
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measured from TEM (7.21 Å, mean separation measured from
7 PbI2 monolayers), being in good agreement with the d-
spacing of (001) planes in our XRD measurements (6.98 Å)
and the value calculated from the PbI2 crystal structure (6.99
Å, 2H PbI2, ICSD 68819).
To elucidate the cause of the morphology and crystal texture
differences, we deposited PbI2 films on 14 different surfaces
ranging from metal to metal sulfide. Seven of these surfaces
were deposited with ALD. SEM and θ−2θ XRD (Figures S7−
S10) of these films show that PbI2 films are either porous with
most 2D planes at different angles to the substrate plane,
planar with 2D planes parallel to the substrate plane, or exhibit
an intermediate morphology between these two. Analysis of
these films with atomic force microscopy (AFM) revealed that
in most cases the projected area of the deposited film, and thus
to some extent its porosity correlates with the projected area of
the substrate (Figure 4a). On two starting surfaces that are
chemically similar but have different roughness, GPC values
differ significantly, that is, 0.12 Å/cycle on Al2O3 covered Si
and 0.22 Å/cycle on Al2O3 covered FTO. On the basis of these
data, we hypothesize that in this process PbI2 crystallites
preferentially grow with (001) planes parallel to the growth
surface and that the growth is more extensive along the (001)
planes i.e., along the 2D layers whose edges terminate with
dangling bonds. Therefore, if the substrate is rough and has
tilted growth surfaces like FTO, the PbI2 crystallites at a certain
point grow out of these tilted surfaces and form a porous
network of interconnected flakes (Figure 4b).
Commercial PbI2 and bare Al2O3 films are shown for
reference. PbI2 films deposited with 12 000 cycles. Pb(btsa)2
pulse, SnI4 pulse, and purge durations were 1.0, 2.0, and 1.0 s,
respectively.
We observed vertical crystallites on some substrates like
silicon (Figure S11a) but their population was too small to be
observed in the θ−2θ XRD measurements. On freshly made
surfaces, such as ALD Al2O3, the amount of the vertical
crystallites drastically decreased even if Al2O3 films were
shortly exposed to air prior to deposition (Figure S11b). Given
the mild substrate cleaning procedure and the absence of clean
room conditions, it is reasonable to assume that these vertical
crystallites are caused by surface contamination with particles.
In grazing incidence XRD, in addition to the most symmetric
2H polytype of PbI2, reflections corresponding to the 4H and
12R polytypes were present (Figure S12a) on substrates with
large PbI2 film surface areas (Si/Cu, ITO, FTO/Al2O3, FTO/
TiO2, FTO/SnOx, and FTO). The PbI2 polytypes differ in the
way the 2D layers are stacked on top of each other (Figure
S12b).7
We noticed that PbI2 films exhibit discoloration when stored
in ambient air (Figure 5b,c) and when stored in closed
containers the containers smelled of iodine. A series of grazing
incidence X-ray diffraction (GIXRD) measurements with time
revealed that PbI2 films degrade in ambient air (Figures 5 and
S13). We expect that the films are oxidized by oxygen (eq 1).
2PbI (s) O (g) 2PbO(s) 2I (g)2 2 2+ → + (1)
Figure 4. (a) AFM measured projected surface areas of PbI2 films versus projected surface areas of the substrates used for deposition. Inset shows a
PbI2 film on a flexible indium tin oxide (ITO)/poly(ethylene terephthalate) (PET) substrate. PbI2 films were deposited at 75 °C with 2000 cycles.
Pb(btsa)2 pulse, SnI4 pulse, and purge durations were 1.0, 2.0, and 1.0 s, respectively. (b) Schematic representation of the porous and planar
morphology development during PbI2 film deposition.
Figure 5. (a) Ratio of the PbI2 (001) XRD reflection intensity to the
intensity of the most intense substrate reflection (see Figure S13 for
more details) as a function of storage time in different conditions.
Digital photographs of an uncapped PbI2 film on FTO (b)
immediately after deposition and (c) after 146 h in ambient
conditions in an open system. Substrate size 5 × 5 cm2. PbI2 films
were deposited at 75 °C with 2000 cycles. Pb(btsa)2 pulse, SnI4 pulse,
and purge durations were 1.0, 2.5, and 1.0 s, respectively.
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ALD alumina is a good encapsulant even when deposited at
low temperatures31 and we studied whether it is applicable in
our case. We deposited ca. 80 nm Al2O3 films at 75 °C on PbI2
films immediately after the PbI2 deposition without exposing
the film to ambient conditions. A series of GIXRD measure-
ments on the Al2O3-capped film stored in ambient air indicated
that ALD Al2O3 is effective in protecting the underlying PbI2
film (Figure 5a).
Composition analysis of the PbI2 films proved to be
challenging. For the results to be representative of the bulk
of the film and to decrease the contribution of oxidation during
sample transfer, whenever possible, we relied on measurements
on thick PbI2 films deposited on Si or FTO and capped with
Al2O3. Commercial PbI2 powder pressed into a tablet served as
a reference. On the basis of the composition of the precursors,
it is relevant to determine the content of Sn, Si, N, C, and H in
the films. Energy dispersive X-ray spectroscopy (EDS) is
incapable of detecting H. C and N can be detected but not
quantified reliably, thus with EDS only Sn and Si can be
quantified. However, Si is present in both substrates. Similarly,
Sn content cannot be extracted from films deposited on FTO,
but in films deposited on Si substrates the Sn content was ≤3
atom % (Table 1). EDS also allows the determination of the
iodine to lead ratio which was similar to the ratio measured
from the reference PbI2 powder. To supplement EDS results,
we performed time-of-flight elastic recoil detection analysis
(ToF-ERDA) measurements, but the analysis was complicated
by the inability to separate I from Sn, Si from Al, and the lack
of clear interfaces in the depth profiles. Although this is
expected for the films deposited on FTO where the capping
Al2O3 penetrates the pores in the PbI2 film (Figures S14 and
S15c,d), it is unexpected for the films on Si with abrupt
interfaces (Figure 6). We expect that the main source of
hydrogen in the ERDA measurements is the Al2O3 capping
film. ALD Al2O3 grown at low temperature (<125 °C) is
known to contain significant amounts of hydrogen,32,33 as is
the case also with our Al2O3 films deposited at 75 °C (Table
S1 and Figure S15b). Thus, Al2O3 capping accounts for most
of the observed hydrogen and oxygen. ERDA depth profiles
(Figures 6b and S15a) indicate that carbon and nitrogen
contents are low. Additionally, neither XRD nor Raman
(Figures S16 and S17) show signals from impurity compounds.
To demonstrate the functionality of the ALD PbI2 films, we
made photoconductivity measurements as well as conversions
Table 1. EDS and ToF-ERDA Composition Analysis Results of Al2O3-Capped PbI2 Films
sample deposition temperature (°C) I/Pb ratio (EDS) I/Pb ratio (ERDA) element atom % (EDS) element atom % (ERDA)
Si/PbI2/Al2O3 75 2.4 2.1 Al 18.8
Pb 28.5 O 37.4 Pb 9.4
Sn 3.0 H 11.6 I and Sn 20.1
I 68.5 C 2.3 N 0.4
Si/PbI2/Al2O3 85 2.4 2.2 Al 24.4
Pb 29.2 O 32.8 Pb 9.2
Sn 2.2 H 11.3 I and Sn 20.0
I 68.6 C 2.1 N 0.3
commercial PbI2 (99.999% Pb) 2.3 1.7 O 3.3
H 3.5 Pb 33.8
C 1.4 I 58.0
Si/Al2O3 75 Al 29.3 H 16.4
O 52.7 C 1.7
Figure 6. (a) Cross-sectional FESEM image of an Al2O3-capped PbI2 film on Si deposited with 12 000 cycles at 75 °C. Pb(btsa)2 pulse, SnI4 pulse,
and purge durations were 1.0, 2.0, and 1.0 s, respectively. (b) ToF-ERDA element depth profiles of the film in (a). (c) EDS mapping of the film in
(a).
Chemistry of Materials Article
DOI: 10.1021/acs.chemmater.8b04969
Chem. Mater. 2019, 31, 1101−1109
1105
into the MAPI perovskite. Photocurrent was measured from a
PbI2 film sandwiched between two ALD Al2O3 films on a glass
substrate (Figure 7a,b). The purpose of the Al2O3 underlayer is
to induce planar growth, whereas Al2O3 overlayer protects the
PbI2 film from ambient air. The conductivity of the film
increases when exposed to 405 nm (3.06 eV) light (Figure 7c),
an expected response for a semiconductor film whose optical
band gap was measured to be 2.34 ± 0.08 eV (Figure S18).
Conversion of PbI2 films into MAPI was tested using a vapor
transfer approach. In this approach, the conversion into
perovskite proceeds via a gas−solid reaction at elevated
temperatures in a static vacuum, where the MAI source is
placed very close to the PbI2 film. At 140 °C, the shortest
conversion duration (1 h) yielded only partial conversion
(Figure S19). To complete the conversion 4 h were necessary,
whereas in 24 h long conversion the MAPI phase changed
from the β-phase (distorted perovskite) to the α-phase
(undistorted). We previously observed a similar phase
transition in two step gas phase conversion of electrodeposited
PbO2 films.
34 ALD PbI2 films on both Si and FTO could be
converted into the perovskite. On FTO, prolonged conversion
leads to a loss of porosity and densification of the film (Figure
7d). Therefore, it is possible to prepare either porous or dense
MAPI films on FTO.
■ CONCLUSIONS
We demonstrate for the first time an ALD process for PbI2 thin
films using Pb(btsa)2 and SnI4 as precursors. The process
works at low deposition temperatures (<90 °C), although only
in a narrow temperature range. This makes the process
compatible with a variety of starting surfaces and substrates
including temperature-sensitive substrates such as polymers.
The crystalline texture and morphology of the PbI2 film
depends strongly on the roughness of the substrate surface.
The films are dense on smooth substrates and porous on rough
substrates. PbI2 is a versatile material and PbI2 films can be
applied directly, for instance for photodetection or as an
intermediate in the deposition of halide perovskite films via
conversion. For PbI2 films ALD offers high film quality,
uniformity, and scalability. For applications, the reactivity of
the PbI2 films in ambient air should also be addressed. The
ALD Al2O3 capping film is an adequate protective measure in
applications such as photodetection, where PbI2 would
otherwise be in contact with air. If PbI2 films are to be post
processed into a halide perovskite, storage in inert conditions is
sufficient. Otherwise conversion into MAPI, as demonstrated,
is straightforward. The chemistry employed here for the PbI2
deposition that relies on SnI4 as an iodide source and on a
reactive bis(trimethylsilyl)amide as a metal source may enable
the ALD of other metal iodides also.
■ EXPERIMENTAL SECTION
Precursor Synthesis. Lead(II) bis[bis(trimethylsilyl) amide]
(Pb(btsa)2) was synthesized similar to Gynane et al’s.
35 method,
employing Schlenk line techniques. In short, lithium bis-
(trimethylsilyl)amide (Aldrich, 95%) dissolved in tetrahydrofuran
(THF) was added dropwise to lead(II) chloride (Alfa Aesar,
99.999%) in THF over an ice bath and left to stir overnight.
Afterwards, THF was evaporated in vacuo and hexane was added to
redissolve the product. The solution was filtered and hexane
evaporated in vacuo, leaving an orange-yellow oil of Pb(btsa)2
(yield ca. 95%). This oil was used without further purification.
A Netzsch STA 449F3 Jupiter simultaneous thermal analyzer
(STA) was used for thermogravimetric analysis and differential
scanning calorimetry. The measurements were carried out under a
flowing nitrogen (40 mL/min) atmosphere at 1 atm, the heating rate
was 10 °C/min, and sample weight was ca. 10 mg.
Figure 7. (a) Digital optical microscope image from the glass side of the sample used for the photocurrent measurements. (b) Schematic
representation of the sample structure in (a). (c) Current versus time plots with blinking 405 nm laser at different power densities, sample biased at
10 V. Inset: I−V curves in the dark and under illumination by 405 nm laser. (d) FESEM images of PbI2 films on Si (left) and FTO (right) before
and after being converted into the MAPI perovskite for different times.
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Film Deposition. The films were deposited in a hot-wall, flow-
type F120 ALD reactor (ASM Microchemistry Ltd.). The pressure
inside the reactor was ca. 5 mbar. SnI4 (Acros Organics, >99%, −10
mesh) and Pb(btsa)2 were evaporated from open glass boats inside
the reactor at temperatures of 65−70 and 55−60 °C, respectively.
The initial precursor source temperatures were chosen based on
thermogravimetric analysis (Figure S20)36 and were further adjusted
to optimize precursor consumption and to maintain a reasonable
temperature gradient inside the reactor. Pulsing of the precursors was
done by inert gas valving. Nitrogen (N2, AGA, 99.999%) led into the
reactor through a gas purifier (Millipore Entegris Mykrolis
WPMV200SI, <1 ppb O2, <1 ppb H2O in the outlet) was used as a
carrier and purging gas. The purifier is necessary due to the high
reactivity of Pb(btsa)2 towards oxygen containing impurities in the
carrier gas. When the purifier is omitted PbI2 films exhibit a visible
thickness profile and pulsing only Pb(btsa)2 yields a thin film of lead
oxide (≤5 nm, 1000 cycles of 1.0 s Pb(btsa)2 pulse followed by 3.0 s
purge). Capping Al2O3 films were deposited with 1250 cycles of
AlMe3−H2O process at the same temperatures as PbI2 with 1.0 s
precursor pulses and 2.0 s purges.
Primarily 5 × 5 cm2 native oxide covered silicon (Si, Okmetic) and
fluorine-doped tin oxide covered glass (FTO, TEC 7, Solems) were
used as substrates. Additionally, for some depositions, sapphire wafers
(2″, University Wafer), muscovite mica sheets (Micro to Nano), tin-
doped indium oxide covered glass (ITO, Glastron), tin-doped indium
oxide covered poly(ethylene terephthalate) (ITO/PET, Sigma-
Aldrich), soda-lime glass, ALD Al2O3 films on Si, ALD Al2O3 films
on FTO, ALD TiO2 son FTO, ALD SnOx films on FTO, ALD ZnS
films on Si with an Al2O3 underlayer, ALD Ir films on Si, and ALD Cu
films on Si were used as substrates. ALD Al2O3 films used as
substrates were deposited with the AlMe3−H2O process, ALD ZnS
with ZnCl2−H2S process, ALD TiO2 with Ti(OMe)4−H2O process,
37
ALD SnOx with Sn(NMe2)4−O3 process,38 ALD Ir with Ir(acac)3−
O2 process,
39 and ALD Cu with Cu(dmap)2−tertiary butyl hydrazine
process.40 More details on the deposition conditions of these films are
found in Table S1. Sapphire wafers were heated at 1000 °C in an air
oven for 2 h to induce atomic step formation.41,42 The wafers were
used for deposition immediately after the heat treatment. Prior to
deposition a fresh mica surface was exposed by peeling off some of the
top layers. All substrates except sapphire and mica were rinsed with
isopropanol and blown dry with nitrogen prior to deposition.
Conversion of PbI2 films into CH3NH3PbI3 was done by a
modified vapor transfer approach.43 In short, a TLC plate (0.75 mL/g
pore volume silica gel on Al foil, Sigma-Aldrich) was submerged in
200 mg/mL solution of CH3NH3I (>99.0%, TCI) in dimethylforma-
mide (≥99.9%, Sigma-Aldrich) and shaken until the plate was
completely wet. The plate was then dried on a hotplate in air at 60 °C
for 30 min and transferred to the bottom of a steel cylinder (volume
0.5 L). The PbI2 film was placed in an aluminum holder and the
holder was transferred to the steel cylinder, so that the MAI
permeated SiO2 of the TLC plate faced the PbI2 film, the distance
between the two was ca. 1 mm. The cylinder was sealed, cycled with
N2 (AGA, 99.999%)/vacuum three times and isolated with vacuum
inside (ca. 1 mbar). The evacuated cylinder was heated in an air oven
at 140 °C.
Film Characterization. The morphology of the films was studied
with a Hitachi S-4800 field emission scanning electron microscope
(FESEM). Energy dispersive X-ray spectroscopy (EDS) measure-
ments were done with an Oxford INCA 350 energy spectrometer
connected to the FESEM. k ratios of I Lα and Pb Mα obtained from
the EDS measurements as well as bulk density of PbI2 (6.10 g/cm
3)
were used to calculate film thickness with a GMRFilm software.44 The
errors in thickness values were estimated using weight % uncertainty
in the EDS measurements and propagation of uncertainty.
Atomic force microscopy (AFM) images were recorded using a
Veeco Multimode V instrument. Tapping mode images were captured
in air using silicon probes with a nominal tip radius of 10 nm and a
nominal spring constant of 3 N/m (NFESP from Bruker). Images
were flattened to remove artefacts caused by a sample tilt and a
scanner bow. Projected areas were measured from 5 × 5 μm2 images.
TEM cross-section specimens were prepared with standard FIB lift-
out procedures using a FEI Quanta 3D 200i DualBeam microscope.
Bright-field TEM imaging was performed using a FEI Tecnai F20
microscope operated at 200 kV. At high beam current densities
melting and recrystallization of PbI2 was observed. The use of low
electron doses during imaging was thus necessary.
Crystallinity and crystallite orientation of the films was assessed
with grazing incidence X-ray diffraction (GIXRD, incident angle 1°)
and θ−2θ measurements conducted with a Rigaku Smartlab
diffractometer utilizing Cu Kα-radiation. Intensity ratios between
PbI2(001) reflection and substrate reflection (at 52.5° 2θ for Si and
37.8° 2θ for FTO) were calculated from the peak areas observed in
the GIXRD measurements.
Time-of-flight elastic recoil detection analysis (ToF-ERDA) of PbI2
films and PbI2 reference tablet (pressed from abcr PURATREM PbI2
powder, 99.999% Pb) was performed using a 50 MeV 79Br7+ ion
beam. Both the incident angle of the beam relative to the surface and
the angle between the surface and the detector were 20°. For ToF-
ERDA of reference Al2O3, the angles were 16 and 24°, respectively,
and the ion beam was 50 MeV 79Br9+.
A confocal Raman microscope (NT-MDT Ntegra) with a 633 nm
laser and a 100× objective was used to measure micro-Raman spectra
in backscattering geometry. Laser power was ca. 5 mW and typical
acquisition times were 600−1200 s.
Transmittance of the films in the UV−vis range was measured with
a Hitachi U2000 spectrophotometer. Transmittance spectra were
used for the construction of Tauc plots from which the optical band
gap was estimated.45,46 The band gap of PbI2 was assumed to be
direct allowed and the error was estimated using fit parameters
uncertainty and propagation of uncertainty.
Electrical measurements were performed with a Keithley 2450
source meter. Conductive silver paint (EM-Tec AG42, Micro to
Nano) was used to prepare contact pads. To access the Al2O3-capped
PbI2 films, film cuts were made with a scalpel and immediately filled
with the conductive silver paint. 405 nm laser diode (CPS405,
Thorlabs) was used for illumination from the glass side.
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